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ABSTRACT

The electrochemical reduction and oxidation of sulfuryl chloride in IM
LiAIC 4 -SO2 CI2 solutions were studied at glassy carbon electrodes using the
technique of cyclic voltammetry. It was found that the reduction of chlorine,
which is formed by the decomposition of sulfuryl chloride, precedes and ob-
scures the reduction of sulfuryl chloride. Thus, in chlorine-rich solutions,
sulfuryl chloride reduction peak in the cyclic voltammograms is completely
masked by the chlorine reduction peak. However, in solutions saturated with
sulfur dioxide, the chlorine reduction leak is relatively smaller than the sul-
furyl chloride reduction peak. The reduction of both chlorine and sulfuryl
chloride leads to the deposition of insoluble lithium chloride at the electrode
surface and results in its passivation. The electrochemical oxidation of LiAICI4-
S0 2C02 solutions leads to the formation of chlorine, first by the oxidation of
AlCI- ions followed by the oxidation of sulfuryl chloride.

During the past few years, a number of studies have slowly changed to light yellow. Solutions of lithium
been reported on the ambient temperature lithium- tetrachloroaluminate in sulfuryl chloride were light
inorganic electrolyte battery systems. However, only yellow in color.
a few of these studies have been devoted to the lith- A three electrode system was used for all measure-
ium-sulfuryl chloride system. The scarce literature ments. The reference (I x 5 cm) and counter (L3 X
includes studies of the discharge characteristics (1-4) 6 cm) electrodes were both made by pressing lithium
and discharge reaction stoichiometry (4) of lithium- ribbon (0.38 mm thick; Foote Mineral Company) onto
sulfuryl chloride cells, conductivities (5), and volt- a nickel screen. The reference electrode was con-
ammetric reduction of sulfuryl chloride (6) in tained in a Pyrex tube (10 mm diam) with a coarse
LiAIC 4 -SO 2 CI2 solutions. The electrochemical reduc- porosity fritted glass bottom. Both the reference and
tion and oxidation of sulfuryl chloride in 1M LiAICl4 - the counterelectrodes were thoroughly washed with
SO2CIz solutions and in solutions containing excess of carbon tetrachloride before use. The working elec-
chlorine or sulfur dioxide were also investigated in trode consisted of a 3.18 mm dism glassy carbon rod
this laboratory employing the technique of cyclic (Beckwith Carbon Company) heat-sealed in a shrink-
voltanxnetry. This paper summarizes our results. able Teflon tubing and the end ground flush with the

seal so as to expose the cross section of the rod. The
Experimental glassy carbon electrode was then polished to a mirror

finish using a 0.3 um size powdered alumina and had
The preparation and purification of lithium tetra- an area of 0.079 em s.

chloroaluminate have been described elsewhere (7). All experiments were performed inside a Dry-train,
Sulfuryl chloride (Matheson, Coleman and Bell Coin- Dry-lab (Vacuum Atmosphere Corporation) in a pure
pany) was refiuxed over lithium metal and distilled dried argon atmosphere. Other experimental details
as colorless liquid. However, on storage, the color (8-10) were similar to those used for the voltam-

0 Bdteenial fiSode AMt b M.br. metric studies In phosphorous oxytchloride and thicmyl
K" words: etolY. battem, voatemetq chloride solutions.
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In order to obtain reproducible voltammograms, the71
passivating lithium chloride film on the working elec-
trode was dissolved, after each scan, in acidic Aid.3-
S020is solution followed by washing with sulfuryl.
chloride and carbon tetrachloride. The electrode was
then wiped clean and mechanically polished. The elec-
trode could also be cleaned, in situ, by holding the
electrode potential' at - 4.5V for 1-2 min. However,
this procedure was not employed since it led to theT
contamination of the solution by the oxidation prod-
Dicssinamly choie lmnmchoieIt.(
Ducssinamlclrn,)lmnmclrie.t.(e

Remilts
Tyrpical cyclic voltammograms obtained in IM 0

LiAIC14-S02CI, solution, through which pure dried C-
argon was bubbled for 16 hr. at a scan rate of 0.1 ~
V/sec, are presented in Fig. 1. Voltammogramn A was II

obtained by scanning the electrode from 4.0 to 0.25V 4 3 2 1 0
and voltammogram B by scanning the electrode from ELECTRODE POTENTIAL VERSUS LITIN IU EEECE, VOLTS

4.0 to 5.OV. Cyclic voltammogram A shows a large in- Fig. I Typical cyclic voltonstogres of glossy ce"s electree
crease in cathodic current beginning at ~3.6V with a In saturated Nelutimue of cblmdoo in IM UAIC1#-S0sCl atea scu.
shoulder (peak 1) at -3.05V and peak (peak 11) at rate of 0.1 V/soc.

- 285V. A minor peak (peak MI) is observed at - 2V
before a rapid increase in reduction current is ob-
served at - 0.75V. On reversing the direction of po observed at all scan rates, the minor peak MI became
larization at 0.25V, only one small anodic peak (peak discernible only at scan rates greater than 1 V/sec.
IV) is observed at - 1.OV. The anodic peak IV is not Typical cyclic voltammograms obtained in IM
observed if the direction of polarization is reversed at LiAlC14 -SO2Cl2 solutions, through which sulfur dioxide
potentials positive to 0.75V. Similar cyclic voltammo- was bubbled for 16 hir, at a scan rate of 0.1 V/sec are
grams were observed at scan rates of 0.01 to - 0.2 shown in fig. 3. In these solutions, peak I appears as
V/sec. At higher scan rates peaks I and II merged to- a small step at - 3.3V and peak 11 is the major peak
gether and peak III was slightly more discernible. The at ~ 2.75V. Peak III appears as a wide peak beginning
peak currents increased with increasing scan rate and at - 2V. Again no anodic Peak corresponding to re-
peak potentials shifed to less positive potentials. duction peaks I, II, and III is observed on the reverse

Cyclic voltammogram B shows a small anodic peak scan. Similar cyclic voltammograms were observed at
(peak V) at - 4.6V before a sharp increase in anodic scan rates of 0.01-2 V/sec. Again the peak heights for
current is observed at - 4.75V. Cyclic voltammograms peaks 1, 11, and Il increased with increasing scan rate
did not show any reduction peak during the reverse and peak potentials shifted to less positive potentials.
scan. Similar cyclic voltammograms were obtained at Addition of chlorine to sulfur dioxide saturated
scan rates of 0.0 1-2 V/sec. LiMlC14 -PS 2 Cl, solution caused an increase in peak

In LiA]C14-SO2 CI, solutions containing excess of height for peak I (Fig. 4) and a corresponding de-
chlorine or sulfur dioxide, cyclic voltammograms for crease in peak height for peak IL
the anodic processes were similar to the voltammo-
gramn B presented in Fig. 1. However, voltaonmograms Discussion
for the cathodic processes were distinctly different Sulfuryl chloride is known (11) to decompose to
from voltamniogram A. sulfur dioxide and chlorine according to the equation

Thus, in saturated solutions of chlorine in IM SSI - O I
LiAlC14-SO*Cls cyclic voltamnoograms (Fig. 2) showed Ss~ ~ l 1
only one major reduction peak at scan rates of 0.01- Both sulfur dioxide and chlorine are soluble (11) in
2 V/sec. The peak potential for this reduction peak sulfuryl chloride and remain in solution. Whie solu-
was closer to the peak potential for peak I in the cyclic
voltammnograms shown in Fig. 1. While peak II was not

A~~~n aree reported with o tiu ~m refereneUuO-oC-s
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, icharge products In lthium-sulfuryl chloride cls
Gilman and Wade (4) have identified lithium chloride
as the only solid reaction product. The reduction of
sulfuryl chloride may, therefore, be represented as

S02 C 2 + 2Li+ + 2e-+ 2LiCl + SO$ [8]

T The reduction of both chlorine (Eq. [2]) and sl-
0 5mA /furyl chloride (Eq. [3]) leads to the deposition of in-/soluble lithium chloride at the electrode surface and

causes its passivation. Since it would require a fixed
amount of lithium chloride, at a fixed scan rate, to

0J cover the electrode surface, the combined peak height
TZ for peaks I and II remains constant and independent

of the chlorine concentration in the solution. Thus,
the peak heights for peaks I and II are interdependent
and an increase in chlorine reduction peak (peak I)
due to increased chlorine concentration results in a

4 3 2 0 corresponding decrease in sulfuryl chloride reduction
ELECTRODE POTENTIAL VERSUS LITHIUM REFERENCE, VOLTS peak (peak II).

Similarly, peaks I and II in LiAlCI4 -SO 2 C 2 solutions
Fig. 4. Typical cyclic voltammograms at glassy carbon electrodes (Fig. 1) may be attributed to the reduction of chlo-

at a scan rate of 0.1 V/sec in IM UAIC14-S02C12-50 2 solutions to rine and sulfuryl chloride, respectively. Since the
which a small amount of chlorine is added. chlorine reduction peak appears as the major reduction

peak even in LiAIC 4 -SO2 CI2 solutions purged with ar-

tions of sulfur dioxide in freshly distilled sulfuryl gon for 16 hr, it seems likely that chlorine is supplied to
chloride are colorless, solutions of chlorine are light the glassy carbon electrode not only by the migration
yellow in color. Solutions of lithium tetrachloroalu- of bulk chlorine but also by the decomposition of sul-
minate in freshly distilled sulfuryl chloride were al- furyl chloride at the electrode surface. Thus, at more
ways found to be light yellow in color. Both sulfuryl catalytic surfaces such as platinum (12), the decom-
chloride and its solutions containing lithium tetra- position of sulfuryl chloride at the electrode surface
chloroaluminate became dark yellow in color on long is facilitated and the electrochemical reduction of sul-
storage. The yellow color in these solutions is attrib- furyl chloride proceeds mainly through chlorine even
uted to chlorine which is formed by the decomposition in sulfur dioxide saturated LiAICl4-SO2 C 2 solutions.
of sulfuryl chloride according to Eq. [1]. It was not The minor reduction peak III (Fig. I through 4) in
possible to completely remove the dissolved chlorine the cyclic voltammograms may be assigned to the re-
and the yellow color by purging the LiAlC14-SO2 C12  duction of sulfur dioxide
solutions with argon, especially in the presence of 2SO2 + 2Li + + 2e -+ Li2S2 O4  [4]
lithium electrodes. It was, however, possible to shift
the equilibrium in Eq. [1] to the left by bubbling sul- While peak III is hardly discernible in LiACI4 -S02 CI2
fur dioxide and remove the dissolved chlorine. Thus, and LiAlCI4-SO 2 C 2-C 2 solutions, it is easily dis-
the LiAICL4 -SO2 CI2 -SO 2 solutions were almost color- tinguishable in LiAlC14 -SO2CI2-SO2 solutions. Since
less. the electrode is already passivated due to the deposi-

Electrochemical reduction of sulfuryl chloride.- tion of lithium chloride, the reduction of sulfur dioxide
Cyclictochemmgams rdcion 1, oltugrak c )lob-e- does not occur significantly in these solutions and re-

Cyclic voltammograms (Fig. 1, voltammograee A) ob- suits in only a very small peak in the cyclic voltammo-tained in LiAICI4 -S 2 C! 2 solutions show three reduc-

tion peaks before a rapid increase in cathodic current grams.
is observed at - 0.75V due to the deposition of lith- In order to further differentiate between peaks I,
ium metal at the electrode surface. On the reverse 11, and III in the cyclic voltammograms, a small
scan only one anodic peak (peak IV) is observed at amount of aluminum chloride was added to the
-. OV. Since peak IV is not observed if the direction LiA1CI4 -SO 2CI2 solutions previously purged with ar-

of polarization is reversed prior to lithium deposition, gon. Since the excess of aluminum chloride increases
it may be regarded due to the dissolution of the de- the corrosion of lithium counterelectrode by dissolving
posited lithium metal. Similarly, the rapid increase in the protective lithium chloride film and eventually re-
the cathodic current at S 0.75V and the anodic peak sults in its complete disintegration, the cyclic voltam-

IV at L.OV in LiAlCL-SO2CI2 -CI2 (Fig. 2) and mograms were recorded immediately after the addi-
LiAICl4 -SO 2C12 -SO2 (Fig. 3) solutions may also be tion of aluminum chloride and arc shown in Fig. 5.
regarded due to the deposition and dissolution of lith- The excess of aluminum chloride in LiAICI4 -SO2 CI 2ium metal, respectively. solutions also partially dissolves the lithium chloride

In order to identify the other reduction peaks, let film on the glassy carbon electrode surface due to
us first consider the cyclic voltammograms in LiA1Cl4 - complex formation
S0 2C 2-SO2 solutions (Fig. 3). Peak height for peak I ICI + AIC13 Li + A14
in these voltammograms is strongly dependent on the
concentration of dissolved chlorine as demonstrated Thus, the electrode surface continues to be partially
by the addition of chlorine to LiAICl 4 -SO2CI,-SO 2 SO- regenerated during the life of the voltage scan and
lutions (Fig. 4). Further, if these solutions are allowed results in distinct reduction peaks for the reduction
to stand for a few hours or if argon is bubbled through of chlorine (peak I), sulfuryl chloride (peak II), and
the solutions to remove sulfur dioxide, the equilibrium sulfur dioxide (peak III). The peak heights are also
in Eq. [1] is shifted to the right resulting in an in- slightly higher than those obtained in neutral LiAIC14-
crease in the chlorine concentration and a correspond- S0 2C102 solutions. Further, due to the partial regenera-
ing increase in peak height for peak I. Thus, peak I tion of the electrode surface, a small cathodic current
may be regarded as due to the reduction of chlorine is observed during the reverse scan of the cyclic

% Cl + Li + + e-. LICl t2] voltammograms (Fig. 5) in contrast to almost no cur-
rent in neutral LiAICI4-SOsCIt solutions (Fig. 1).

The main reduction peak (peak II) in LiAICI4- In LiAICI4-SO2CI-Cls solutions (Fig. 2), the re-
SOClI-SOs solutions may be regarded as due to the re- duction of chlorine completely obscures the reduction
duction of sulfuryl chloride. From a study of the dis- of sulfuryl chloride so that only one major reduction

V.
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rates, the film thickness in LIAICI4 -SO2CI2 -SO2 solu-
tions was found to be slightly higher than that obtained
in LiAICI4-SO2 CI2 or LiAICI4-SOCI-C12 solutions.

U Electrochemical oxidation of aulfuryl chloride.-
Cyclic voltammograms (voltammogran: B, Fig. 1) for
the oxidation of LiAICI4 -SO 2CI2 solutions at glassy

1carbon electrodes were similar to those obtained in
LiAICI4 -SOCI2 solutions (9, 13). Thus, analogous to
LiAICI4-SOC 2 solutions, anodic peak V at - 4.6V and
the sharp increase in anodic current at - 4.75V in
these voltammograms (Fig. 1) may be regarded as due
to the oxidation of AICI4- ions and S02 CI2 , respec-
tivy AlC14- -* AICI + % Cs + a [6]

SO2 CI2 + AIC14 - SO2CI+ACI4 - + % -1 + e [7]

i I I • Thus, if the potential of the glassy carbon electrode is
A3 2 1 0 held at - 5V for few minutes before scanning it in

ELECTRODE POTENTIAL VERSUS LITHIUM REFERENCE, VOLTS the cathodic direction, the formation of chlorine at

Fig. S. Typical cyclic voltammograms at glassy carbon electrodes more positive poientials (Eq. [6] and [7]) causes an
at a scan rate of 0.1 V/sec in iM LiAICI4-S02CI2 solutions con- increase in peak height for the chlorine reduction
taining slight excess of aluminum chloride, peak (peak I) in the cyclic voltammograms. At the

same time, aluminum chloride formed in Eq. [6] par-
peak is observed in the cyclic voltammograms. Thus, tially dissolves the lithium chloride film on the elec-
in these solutions, the electrode surface is completely trode surface and causes an overall increase in com-
covered by lithium chloride produced as a result of bined peak heights for peaks I and IL
chlorine reduction (Eq. [2]) and is not available for
the reduction of sulfuryl chloride and sulfur dioxide. Manuscript submittedPc. I5.979; revised manu-
Cyclic voltammograms similar to those presented in script received Feb. 14, 1980. This Was Paper 31 pre-
Fig. 2 are also obtained in aged LiAlCI4-S0 2C12 solu- sented at the Los Angeles, California, Meeting of the
tions. The chlorine concentration in the aged solutions Society, Oct. 14-19, 1979.
is rather large due to the decomposition of sulfuryl Any discussion of this paper will appear in a Dis-
chloride and thus the chlorine reduction peak com- cussion Section to be published in the June 1981
pletely masks the sulfuryl chloride reduction peak. JouRNAL. All discussions for the June 1981 Discussion
If the excess of chlorine in aged LiAlC14-SO 2Cl 2 or Section should be submitted by Feb. 1, 1981.
LiAICI4-SO2CI 2-CI 2 solutions is removed by bubbling Publication costs of this article were assisted by
argon, cyclic voltammograms similar to those pre- the U.S. Army Electronics Technology and Devicessented in Fig. 1 (voltammogram A) are obtained. Laboratory (ERADCOM).
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